Abstract-In the computed tomography (CT) field, one recent invention is the so-called carbon nanotube (CNT) based field emission x-ray technology. On the other hand, compressive sampling (CS) based interior tomography is a new innovation. Combining the strengths of these two novel subjects, we apply the interior tomography technique to local mouse cardiac imaging using respiration and cardiac gating with a CNT based micro-CT scanner. The major features of our method are: (1) it does not need exact prior knowledge inside an ROI; and (2) two orthogonal scout projections are employed to regularize the reconstruction. Both numerical simulations and in vivo mouse studies are performed to demonstrate the feasibility of our methodology.
Introduction
Field emission x-ray source based on carbon nanotubes (CNT) is a recent invention [1] [2] [3] with several intrinsic advantages over conventional x-ray tubes with thermionic cathodes.
These include high temporal resolution [1] and spatially distributed multi-beam and [2] multiplexing capabilities [3] . In addition the ease of electronic control of the radiation readily enables synchronized and/or gated imaging, which is attractive for imaging of live subjects [4, 5] . Based on this new source technology, a physiologically gated micro-CT scanner with a stationary mouse bed and a rotating CNT based micro-focus x-ray source was recently developed [6] . Because of the electronic programming and fast switching capabilities of the CNT field emission x-ray source, the scanner can readily gate its imaging acquisition to non-periodic physiological signals to provide high temporal and spatial resolutions in small animal imaging.
Interestingly, an alternative theory of compressive sampling (CS) has recently emerged that shows that high-quality signals and images can be reconstructed from far fewer data/measurements than are usually considered necessary according to the Nyquist sampling theory [7, 8] . The main idea of CS is that most signals are sparse in an appropriate orthonormal system; that is, a majority of their coefficients are close or equal to zero, when represented in some domain. Typically, CS starts by taking a limited number of samples in a much less correlated basis, and the signal is exactly recovered with high probability from the limited data via the 1  norm minimization, which is also equivalent to the total variation (TV) minimization in some cases [9] . Based on the CS theory, we recently proved that if an object under reconstruction is piecewise constant, a local region-of-interest (ROI) can be exactly reconstructed via the TV minimization in the CT field [10] . Because many objects in CT applications can be approximately modeled as piecewise constant, our approach is practically useful and suggests a new research direction for interior tomography.
The combination of the CNT-based micro-CT scanner and the CS-based interior tomography technique offers many research opportunities. Here, we report our preliminary attempt to study the interior cardiac image reconstruction of a mouse with both respiratory and cardiac gating. In the next section, we report our major materials and methods. In the third section, both numerical simulation and in vivo study results are presented. In the last section, we discuss some related issues and conclude the paper.
Material and Method

CNT based Micro-CT Scanner
Figure 1 shows a picture of the micro-CT scanner [6] , which consists of a compact CNT field emission micro-focus x-ray tube, a flat panel x-ray detector (Model C7940DK-02, Hamamatsu), a high precision rotating gantry (Model 430, HUBER, Germany), and a home-made mouse bed. The x-ray tube and the detector are mounted on two translational stages. The two translational stages are positioned on the opposite sides of the gantry, which allows independent adjustment of the source-to-object distance (SOD) and the object-to-detector distance (ODD). For this study the scanner geometry is optimized for in vivo animal studies. The SOD is 126 mm; the ODD is 39 mm. The short source-todetector distance (SDD=165mm) and low magnification factor (M=1.3) would allow the scanner to deliver 100μm spatial resolution and 20msec temporal resolution.
The x-ray tube is a compact and portable version of the x-ray source reported in our previous work [4] . For the study reported in this paper, the x-ray tube was operated at and able to travel a full circle with a resolution of 0.001 degree.
The scanner is controlled by a home-made computer program written in LabVIEW (National Instruments, Austin, TX). At the beginning of each CT scan, the LabVIEW program performs a series of initialization steps, which includes homing the gantry to its zero position. The program then instructs the x-ray tube, the detector, the gantry, and a home-made dynamic gating electronic circuits (if gating is involved), to work sequentially so that projection images are acquired in the step-and-shoot mode. Multipleframe acquisition is also allowed for frame averaging. At the end of scan, the LabVIEW program rewinds the goniometer to its zero position.
CS based Interior Tomography Algorithm
Based on the CS theory, we have recently found that a local ROI can be exactly and stably reconstructed via the total variation minimization if the object under reconstruction is piecewise constant [10] . Let ( , )   be a 2D polar coordinate system, the 1  norm of the image ( , ) f   inside the ROI can be mathematically expressed as:
where ( , )    represents a sparsifying transform of ( , ) f   . For the commonly used gradient transform in the medical imaging field, we have
which is the gradient magnitude or absolute value of the maximum directional derivation
(1) and (2) represents the total variation.
When there exists an artifact image ( , ) g   due to a data truncation outside a central ROI of radius 0  , the total variation becomes
where  is a coefficient. Recently, we contributed to the CS theory by proving the following theorem for exact interior tomography [10] . The major idea of our proof is that tv f  can be minimized at 0   for the given
f   and ( , ) g   . Because many objects in CT applications can be approximately modeled as piecewise constant, Theorem 1 is practically useful and suggests a new research direction of interior tomography. For practical applications, it is the common case to acquire two global orthogonal scout projections to locate an ROI. Hence, it is a natural choice for us to employ two scout images to regularize our CS-based local reconstruction. Note that the use of scout images has not been reported elsewhere, and this may be considered a contribution of our work.
To perform interior reconstruction from data collected on the CNT based micro-CT scanner mentioned in 2.1, we developed a numerical algorithm in the CS framework.
This algorithm is a modification of our previous version [10] and it consists of two major steps. In the first step, the ordered-subset simultaneous algebraic reconstruction technique (OS-SART) [11] was used to reconstruct a digital image , Our algorithm was numerically implemented in MatLab on a PC (4.0 Gigabyte memory, 3.16G Hz CPU). While the basic structure was constructed in MatLab, all the computationally intensive parts were coded in C, which was linked via a MEX interface.
A maximal iteration time was set to stop the main loop. Different from our previous exact knowledge based interior tomography algorithms [14] [15] [16] [17] [18] [19] in terms of both projection onto convex sets (POCS) [15] and singular value decomposition (SVD) [18, 19] , the CS based interior reconstruction proposed in this paper only uses some imaging model instead of exact knowledge, and it employs two scout images to improve image quality.
Results and Analysis
Numerical Simulation
In our numerical simulation, we assumed a circular scanning locus of radius 57.0 cm and a fan-beam imaging geometry. We also assumed an equi-spatial virtual detector array of length 20.0 cm. The detector was centered at the system origin and made always perpendicular to the direction from the system origin to the x-ray source. The detector array included 600 elements, each of which is of aperture 0.033 cm. For a complete scanning turn, we equi-angularly collected 650 projections. In our simulation, we first Figure 2 , the typical profiles were plotted in Figure   3 . As seen from Figures 2 and 3 , the reconstructed images from the proposed algorithm have a very high precision inside the ROI. However, there are still some differences between the phantom images and the reconstructed images (see Fig. 3 (b) ). As we explained in our previous work [10] , the reasons are as the follows. First, the discrete projections and images are sampling of the original ones in continuous domain on the sampling grids. From the viewpoint of signal processing, the sampling process will serve as a truncation function in frequency domain. The reconstructed images will not satisfy the piecewise constant condition due to the high-frequency truncation. Second, the reconstruction results convergence to the real values only when the iteration times trend to infinite. Hence, the finite iteration time will compromise the reconstruction results.
Animal Studies
In vivo mouse imaging experiments were performed following the protocols approved by Projection images were acquired using a prospective gating approach, where the gating electronics is same as the one described in our previous work [4] , except that in this study the physiological triggers were generated based on both respiration and cardiac gating. Physiological triggers were generated if and only if the first QRS complex of the ECG occurred within an acquisition window defined at a specific phase of the respiration cycle. For CT scans carried out in this study, 400 projections were acquired over a circular orbit of 199.5 degrees with a stepping angle of 0.5 degree at single frame acquisition. By running the detector at 1 frame/sec (camera integration time = 500ms), the scan time was 15-30min, depending the mouse's respiration and heart rates. This scan time is critically depending on the temporal coincidence between the physiological triggers and the exposure windows, in addition to the temporal coincidence between the QRS complex of ECG and the acquisition window of the respiration signal.
For the above acquired in vivo mouse cardiac projection datasets, we performed a CS-based interior reconstruction. Using the generalized Feldkamp algorithm [20, 21] , first we reconstructed a volumetric image to serve as a global standard for our interior reconstruction. From such an image volume, we specified a circular ROI on a transverse slice to cover the contrast-enhanced beating heart. Then, we created a mask image for the ROI and performed a forward projection to generate a mask projection. Later the mask projection was binarized to extract the projection data only through the ROI as our While the radiation dose to the whole body can be reduced using our reconstruction method by limiting the x-ray beam to the ROI only, the organ dose-the dose of the organ which happens to be within the ROI under interior reconstruction-would remain at the same level. Because the CS reconstruction theory is based on the so-called sparsifying transform, the radiation dose of local ROI can be further reduced with fewer projection views. However, the smaller the number of projections, the worse the reconstructed image quality [13] . To study how the projection number affects the reconstructed image quality, 200/100/50 projections were uniformly selected from the above mentioned projections by discarding 1/ 3/7 projections in every 2/4/8/ projections.
For these reduced projections, we can save radiation dose 50%, 75% and 87.5%, respectively. During the reconstruction procedure, two global orthogonal scout projections were also employed. The reconstructed results were shown in Figure 5 . It can be seen that the image quality was good enough even using only 100 projections.
Discussions and Conclusion
The major advantage of our interior tomography algorithm lies in the fact that it only needs the local projection data passing through the ROI. Hence, it can help to reduce radiation dose, speedup detector readout rate, improve temporal resolution, etc. However, the current configuration of our micro-CT system covers the whole mouse body. While the global datasets can help demonstrate the feasibility of our interior tomography algorithm for physiologically gated mouse cardiac imaging, it does have redundant data.
In the future, we will design a specific collimator to restrict the x-ray beam to a targeted ROI, such as the mouse heart. It is also possible for us to develop a new type source whose beam width is adjustable. We will report our results along this direction in follow up papers.
In conclusion, we have applied the CS based interior tomography algorithm for mouse cardiac imaging using respiratory and cardiac gated technique on a CNT based micro-CT scanner. Combining CS based interior tomography and CNT based micro-CT system is a novel idea, and there are many new opportunities for us to improve the cardiac imaging temporal resolution for animal studies. The introduction of two global scout images for reconstruction is another contribution of this work. (a) (b) (c) Figure 5 
